
On the Refraction of Shock Waves 
at a Slow-Fast Gas Interface 

L. F. Henderson 
University of Sydney 

Sydney, Australia 

P. Colella 
University of California 

Berkeley, California 

E. G. Puckett 

LCRL- 102239 
PREPRI~T 

Lawrence Livermore National Laboratory 
Livermore, California 

This paper was prepared for submittal to the 
Journal of Fluid Mechanics 

October 1989 

This is a preprint of a paper intended for publication in a journal or proceedings. Since 
changes may be made berore publication. this pre print is made a .. 'ailable with the un
derstanding that it will not be cited or reproduced without the permis.~ion of the author. 



DISCl_-\I:\IER 

This document "ali prC'p<lre1i as an account 01 "ork sponsnre1i b) an agency of the 
Cnitfli Siales Gf.)\'trnm~nr. Neither the lInited Stales Gon~rnmtnt nnr the l.Jni\'E·rsir~· 
of Ciollirornill nor :tn~' of Iheir rmplo,ftS. makes an~' "arranry. npre-ss or implied. or 
:.assum~ an~ le~alli:.lbilil}· or respon\ibilit~' for Iht' accut~q. completenn. ... or useful· 
nt's .. of an~" information. apparatus. product. or prOCHS disct~. or rt'pres~nIS chat 
ir~ uw "nuld nnt infrinl:t prh'atel~' O1'nfli tight5. Rert'rcnc~ h.enin to an~' specific 
cummercial products. process. or 5t'n"iCt' b~' trade name. ludrmarL.. manufacrurt"f. or 
olher",i'i4.'. dot's not nKpsc;aril~' con .. ritult nr impl~ its endor .. ~menl. recommcnd.:uion. 
or fa~nrinl! b~' fh ... Coiled StaIn Gu\trnmcnl or the l'nht'r-.it~ (I( C;alirornia. The 

\ il'\' " and opinions of ::Iulho .... t'~pn,·c; .. ('d hdein do nol nt"c~s'Uril~' ~tatl' Of reOl'ct 
tho'e of Ihe l' nifcd SI:lII .... Gun.'rnm ... nl or th ... l' ni\ t'nit\ of (' .llifornia. and "h:111 nut 
ht' uwd fur .uherrisinl: Of product l'ndll"t'mt'nl I'urpo,t's. 



On the Refraction of Shock Waves 
at a S]o,\\'-Fast Gas Interface* 

L. F. Henderson'r, P. Colellat. and E" G. Puckett 

L-316 

Lawrence Livcnnorc National Laboratory 

Liverm(}fe , California 94550, USA 

We prr,sent. t.lw result~ of our cak.lIlat ions Oil t.he refraction of a plane shock wave at a CO:dCII 4 

gas interfa.ce, '1'h(' numerkal method was (1Il opf'fa.tor split, version of a ~ccond order Godunov method, 

with automatic grid refineHl~lIt. 'We solved t.he unst.eady. two-dimensional, compressible, Euler equations 

llumerically, assuming perf~'d gas equations of state. \Vc compared our results with the experiments of Abd-

EI-Fattah and Iknderson. Good agreement Wi'!.'; obtailH~d when the artifacts of t.he expNimcnts were taken 

into account; esp!~ciaJly the contanlinat.ioll or tile CIL1 by the CO2 , A fPma.illing discrepancy was ascribed to 

the uncc-rtaint,y in measurill,f.!; a W<i.Vt~ angl~~ due to t.he sharp curvature of the tl',lIlsmitted wave ill the elLt • 

All the main features of tlw regu"lf alld irr('guJar rcfradiolls were resolved numerica.lly for shock stl'engths 

that were weak, intermediate, or strollg. Th(~se include free pre-cursor shock waves ill the intermediate and 

strong cases, and evanescerlt (smeared out) compressions in the weak case, and t.he appearance of an extra 

expansion wave ill t.he hound pl'c-cursor refradioll. 

1. Introduction 

\Vc eonsider two gases mcet.ing along a plallc illtrrface, and we assume for simplicity that both them 

ohey t,he perfect gas equation of state (Figure 1). We suppose that a pla,ne incident shock i of wave velocity 
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Nuclear Agency under IACRO 88-873. 
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Australia 
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Uj is propagated into one of the gases by till! impulsive mol ion of a. rigiJ boundary, such as a pistol! which 

drives into the gag at a velocity Vri < Vi We also assume th'lt all the boundaries of the system are adiabatic. 

Subsequently i meets the interface between the gases at an angle of incidence (fi measured with respect to 

the interface (Figure 2). The shock i now begins to pass from the first, or incident gas I, into the second, 

or receiving gas H, where it becomes the transmitted shork t. When its new velocity Vt differs in either 

magnitude and/or direction from Vi, then bj definition i has been refracted. Formally the relative refractive 

index n is defined by, 

(1.1 ) 

We will say that the refraction is slow-fast whcli n < 1; fast-slow when 71 > 1; but that there is no refradion 

when n == 1. 

If the velocities of the gas upst.ream and downstream of the incident shock and relative t.o it are v'o a.nd 

Ul respectively, then the piston velocity is, 

(1.2) 

Coordinat.es may be takclI which are at. rf\st with f!'SIH'd to the g;a. .... llpsl.rf'alll of I, so t.haL Un = U, and the 

boundary conditioll then hecomes simply, 

(1.3) 

In general a reflected wave is a.lso produc('d at the ga.." interface by the r~fraction (Figures 1,2). '¥hen 

the incident wave i is a shc1ck t.hen FiO (11:-;0 will be the transmitted wave t, but th{' reflected wave may be 

either an expa.nsioll e or a. shock l' (Hendersoll 1989). It is assumed tha.t there is always continuit.y in t.he 

pressure P and in the particle veJocity u across t.he Interface. Following refraction this gives, 
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( 1.5) 

The nature of the reflected wave may be det.ermined with the help or (1.4) and (1.5) t.ogether with the 

definition of the wave impedance Z. This is t.he increase in the pressure which mnst be npplied to t.he gas in 

order to induce a unit particle velocity in it, for example, 

ZJ' = Pi - Po 
r -

(1.6 ) 
ttl 110 

with similar definition!' for tht' other wave's. Equlttion (I.G) all10llHts to the momentllH1 equation, and with 

the aid of the continuity equation it. may also he writtel\ rlS, 

(1.7) 

where v is the sperific \OIUlllC. This demonst.ra.t.es t.llai. /;i is a.n average adiabatic bulk modulus. Alternatively 

we may outain, 

(1.8) 

(" 1.0) 

where p is t.he density, and w}wre w(~ havl' lIsed the fad that ill shock wa.ve coordinates, 

(1.10) 



Th(~ pressure reflection and transmission coefficients may now he defined as. 

P'). - Pi 
R=. P R 

1 - 0 
(1.11) 

and they are easily rewritten in terms of the wave impedance with the help of (1.4-1.6) together with the 

definitions of Zr and Zt. 

Zt. Zi - /r 

Zi 

( 1.12) 

(1.13) 

Similar definitions may be given for t he shock intensity I ;18 1.iw averL1gc power flux through unit area in the 

direct.ion of propagation I and for the t.otal power t.ransrlliited. The coefficient.s (1.11) 1.0 (1.13) show t.hat 

when the impedance increases during refracl.ion IZt I > I;', L then a refleeted 8hock r will be reflected from 

the interface 1 back into the incident gas, hut that whell il decreases \Ztl < IZd, then we obtain a reflected 

expansion. When the impedances arc equnl 12/1 !Zi \, there lfi no reHcct.ed wave even t.hough the two 

gases may differ ill composition or in statl'!-' If t.his (:ondition OCClII'S at a. nOIl··zero l:Ingle of incidence then 

the particular angle if. called the angle of illlr'omis8ion (fj = n:1m ) a,.<; in acollst.ic theory. The wave i is still 

refracted at this condition because ill general n # I when aj aim (Figure 2b). 

The wave system...; illustrated ill Figures 2a, h, a.nd r, (HI' called regular refraclions by allalogy with 

von Neumann's (1943) dassifkation of regular and Mach l'cjleciions. His theory of regular reflection is 

easily extended t.o regular refractioll Alld the rel'llH.~ are in good agreement wit.h experiment (Jahn 1956, 

Abd-EJ- Fattah et al. 1976, Abd- E)- Fattah and Henderson 1978a,b). 

If ;1. regular wave ~ystem is t.o ('xist 1 then all of its w:lves nmst travel at t.he same velocity U along the 

int.erfa( e, and this facl. gives immediately the flwdamenlll ' law of refracti.on, namely, 



u= ~= ~ = ~ =--.!:!L 
sin 0i sin at sin Ckr sin Ckj 

(1.14) 

where Uj is the velocity of any wave in the reflected and centered expansion wave, and aj is the corresponding 

wave angle. Evidently, IUj 1= tJj, which is the local speed of sound. Under cert.ain condit.ions this Ja.w may be 

violated, for example with a continuous increase ill the parameter O'j the regular wave system may break up 

with the t shock moving ahead of the incident and reflected waves to form some type of irregular refraction 

with pre-cursor waves (Figures 2d, e, and f). In this event, 

Ut Ui Ur Uj -->--=--=--sin at sin ai sin Q r sin Qj 

(1.15 ) 

The refraction law may be combined with the definitions of n and Z as follows. 

_ IUil sin Ctj ViZ. 
n---=--=--

- IU, I sin 0'1 v~ Zt 
(LIG) 

Clearly we have, 

(i) for slow-fast refraction, 11 < 1, thel1 Ctj < at, and the refracted shock t is steeper than the incidettt 

shark with respect to the gas interface; 

(ii) for fast.-slow refraction, n > 1 \ O'i > at, and t is less steep than i; 

(iii) for n = 1, al = O'i, and the wave is not {bent} refracted. 

Using the refra.ction law we may also write, 

(L17) 

Thus cos O't becomes pure imaginary when n- 2 sin2 ai - 1 < 0, tha.t is when at exceeds the normal critical 
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angle, aj > O:c, which is defined for ett = 1f' /2, 

sin etc = IUd/IUd == n (1.18) 

Clearly etc only exists for slow-fast refraction, n < 1. At the critical condition, t is perpendicular to the 

gas interface at = 11'/2, that is, it is a normal shock. Accordingly the gas interface is not deflected in this 

special case and it remains everywhere in a single plane. It follows that when the pressure P2 is applied to 

the receiving gas it causes no deflection of the interface, so that it behaves like a rigid surface. In this sense 

IZtl = 00, when {}i = lX c . In summary, 11 is a measure of capacity of the gases to bend or refract t.he incident 

shock! while the wave impedances determine t he nature of the reflected and transmitted waves. For oblique 

refraction it is convenient to generalize the definition of wavl~ impedance to, 

(1.19) 

where Pi. is the wave angle measured with respect to the dislU1'bed gas intcrfa('c (Figure 2). Similar expressions 

are defined for the ot.her waves, and with these definitions (l.ll) t.o (1.1:1) J'ema.in valid; (1.16) may also be 

used by introducing the factor cos Pi/ cos Pt. 

The von Neumann theory is inadequate for descrihing irregular rcfrddions, because it can only describe 

the uniform regions of flow near a refraction point.. But irregular systems have non-uniform flow regions 

and it is necessary to solve the equation of motion t:verywhere in order to obtain an adequate description of 

the phenomena. In the present paper! we pre~ent tJlC results of our numerical studies of slow-fast refraction 

with particular emphasis on the irregular systems. The numerical method that we used is an adaption 

of a second order, finite difference solution of the Euler and continuity equations for the two-dimensional, 

unsteady, compressible flow of perfect gases, It is an operator split version of the second order Godunov 

method developed by van Leer (1979L Colella and Glaz (l985), and Colella and Woodward (1985). The 

results are compared with the experiment.al data of Abd-EI-Fattah and Henderson (1978b). Agreement with 
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experiment is satisfa.ctory for much of the datal if allowance is made for the effects of gas contamination 

in the experiments. Some discrepancies do exist, especially for the Ctl data for irregular systems. This is 

ascribed to uncertainties in the measurements caused by the sharp curvature of the transmitted wave. 

2. The Experiments 

The experimental method has been described by Bitondo (1950), Jahn (1956), Abd-EI-Fattah et al. 

(1976)11 and Abd-EI-Fattah and Henderson (1978a,b). The experiments of the last named authors appear to 

be the most extensive and we describe them briefly. A delicate polymer membrane was set up in a shock 

tube; its functions were to define the gas interface as a plane surface l and to prevent the gases from mixing 

until the incident shock arrived. The mass of the membrane was between 0.5 and 1.0 x 10-4 kg m- 2 , and 

its thickness was between 5.5 and 6.5 x 10-8 m. In order to set up a slow-fast interface such as CO2/ 

CH4 , the CO2 was slowly introduced onto one side of the membrane while the CH4 was introduced onto the 

other. The gases were continuously circulated through the shock tube to minimize mutual contamination by 

diffusion and leakage across the membrane. The contamination was monitored continuously by a thermal 

conductivity meter l and typically the CH4 was contaminated by about 10% by volume with CO2 , but the 

CO2 was much purer. It should be noted that the volume of CO 2 in the shock tube was about 250 times 

larger than the CH4 . 

A shock of prescribed inverse strength ei == Pol PI, was started in the CO2 , and arranged to strike the 

membrane/gas interface at a pre-determined angle of incidence Cti. The shock shattered the membrane and 

entered the CH4 , and was thus refracted. The wave system was photographed by a schlieren optical 

and transducers measured the speed and strength of the incident shock. 

Recently! Haas and Sturtevant (1987) have experimented with weak shocks refracting at cylindrical and 

spherical interfaces. The gases were initially prevented from mixing by the use of plastic membranes or soap 

bubbles. However, in the interest of simplicity we will confine our attention to plane gas interfaces. 
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3. The Computations 

3.1. Th(~ numerical method 

We used a second order finite difference solution of the Euler and continuity equations on a rectangular 

grid with reflecting boundary conditions on three sides and inflow boundary conditions on the fourth. The 

numerical integration of the equations was accomplished by using an operator split version of a second order 

Godunov procedure (van Leer 1979, Colella and Woodward 1984). In our implementation we employed an 

efficient algorithm for the solution of the Riemann problem (Colella and Glaz 1985). Since the method is 

a conseryative finite difference scheme, mass, momentum, and energy were all conserved. The method is 

accurate to second order in space and time for smooth flow, and captures shocks and other discontinuities 

with minimum numerical overshoot and dissipation. It has been used quite extensively to compute unsteady 

shock reflections in gases, with a demonstrated ability to resolve complex interactions of discontinuities with 

good agreement with experiment (Glaz et al. 1985). 

An important feature of the numerical method is that it employs a dynamic regridding strategy called 

adaptive mesh refinement (AMR) in order to refine the solution in regions of particular interest or excessive 

error. This is accomplished by placing a finer, rectangular grid over any such region, with the grid spacing 

being reduced by an even factor which is typically either 2 or 4. The boundary of the refined grid always 

coincided with the cell edges of the coarse grid. Multiple levels of refinement were possible with the maximum 

number (·f nested grids being supplied as a paramet.er by the user. In t.he present work, we determined 

those regions which required refinement by estimating the local truncation error in the density, and refining 

wherever the erfor was greater than an initially specified amount. Special care was taken to ensure the 

correct fluxes on boundaries between coarse and fine grids; the details are given by Berger and Colella 

(1987). Adaptive gridding was a crucial component of our method which enabled us to resolve important 

features of the flow economically. A typical run with two levels of gridding and with a refinement factor of 

2 took about 5 to 10 minutes of CPU time on a CRAY XMP computer. 

The gas interface was modelled using an algorithm of Noh and Woodward (1976). Here a number, lij 
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hd.Wl'PIl 0 a.nd I, alld ealll·d I Ill' vnJlIll)!, fral'tioll wa." n . .ssuciatpd with (·adl grid cell t.hrough which 1.lH' ~a.<; 

interface passed. This Ii; W('I..<';) tlw volu me fractioll of the I"dl occupied hy OIW of tll!' ~ilS{'S. Ohviollsly Uti' otiH'1' 

gas o('cupied !.he fradion I Ii}. At. 1.111' I'lid of (We"y tillW .skp a silllph' pictl!l'l' or till' illtnracl' Cflllsisting 

entirely of vertical alld 11Ori:!',ontal Jine segment.s W;u-, constructed frolH til(' volllllle: fraction in for tna.t.ioll. This 

was used to determine how milch of each gas Wt.lH cOJlvedcd Ollt of the celJ alld int.o adjacent. cells at this 

timestep, and hence to llpdn,tl' the vollHnc fractions associated with each cell. Olle of the drawba.cks of the 

SLIC algorithm is t.hat in a region undergoing expa.nsioll or compression both of the gases in a multi-gas cell 

will be expallded or compre~s{'c1 ('qua.lly, ill spit.e of /.lIP <knsity differC'tlc('s th (It. Illay exist het.wccn them. To 

use t.his method wit.h t.he presellt problelll we illcorporal,('(l a Sc/Wlllf' dll(, t.o Colc]);. rt (II. (1989) in which thc 

equat.ions of gas dynalllics :11'{' sllpplell\('IIt.I~d with evolut.IOJl eqllat.iolls for Ill(' VO!\II1W frae! iOll, tot.al ('t)(~rgy, 

and mass density of each g;iS ill the llI1llti-gas cells. This fi:)l'IlHdat.ioJl t.ak('s int.o accollnt. the c.ompr('ssibilty 

of each gas component in a. mult.ifluid cell so as to ensure t.he correct. individual expclllsions or compressions. 

3.2. Outline and pIau of the lllulwrical work 

V\'e shall prest'llt. t.he rcsult.:-: of ollr cOlllplli.a1.iolls a.s t.hough Wf' had dow' a :-i<:l'ics of cXpp.rinlCllis in a 

shock tube. This mealls Lhai. in ;:, particuiilf S('qllt'IH'C', t1J(~ ratios of t.he specifk heat.s ~ri. ~u, of the gases 

and their molecular wciglli ~ /Ii, /1/ Wf'rf> held con;.;tallt. and so also was ~i. The mlly parameter that varied 

through th(' seqlwllcc wa:;; O'i. This was asslIllH'd to Iv initially IIC,lr t.hc conditioll for head-oJl illcidcnCf' 

at (t'i = 0; it. \Va,....; t.hen illC) (~a.s('d in discrl't.r ~t.('PH llilt it il rtpproached glallcing; illci<i('IH'C' at fl:.i 7['/L; thus 

o < O'i < 7r/2. A particllial I'd'radiol! \\'a~ IIl1iqlJ(~ly defilled once the va.IIl(~s of 

wit.h the system houlldaries were g;ivl'll. Typically t.he phenornellfi lila!. ;t.ppeared rrOlll I.his procedlll'f' \VC1'(, 

a sequcnc:e of reg;lllar refractions follO\\'('d by all il'l'cglliin st'qll(~JlC(·. 

\V(' shall comp3r(> Olll' HlIlIlNi('al /'t',r..;lJ!t~ wilit the r'xpf'rinlPlltal da.t.a obtained hy Ahd-El-FaU,ah and 

Hendersoll (1 978h) for t.lw slow-fast, 11 < I, CO:l/CH 4 gas interface. There were {·\VO artifacts in those 

experirnellts which we t.ook illto ac("oullt. ill om caiclliatiom; in order to make t.he comparison as Ilccuratf' 

as possible. These were t.ht' inertia or til<' JllC'llIhralll' illid Uw ((.nt.aminal.ioll of tll!' gases by diffll:-:;iol1 and 



leakage across it. 

Membrane Inertia: Wt~ cak,ulated the IIl(':HlIH'(\'Il(~ dellsit.y from t.he PlJhlisll(~d d;.lIa, alld il \vas about ()SO 

time denser than CO 2 at standard condit.ions. llsing this factor in the calculatiolls, the lliembl'aue was 

treated a..:; though it were super dense carbon dioxide. Generally it.s effect Wa'5 nCj:!;ligible; all we noticed 

was a slight displacement in the pressure cont.ours when the contollrs were compared with, and without., the 

membrane for the same refractions. In view of this we deleted it from the remainder of ollr calcula.tions. 

Gas Contamination: The published data showed that. the methane was cont.aminated by about 10% by 

volume with carbon dioxide, but that the CO 2 itself was approximately pure. (Rcmemhcr their volume ratio 

in the shock tube was about. 250:1 in favor of the CO2 .) The properties for the pure and contaminated gases 

are presented in Table L Contamination is a significant effect and it will he disctlssf."d below. 

Pure carbon dioxide Purc tncthaue COlltaluinatcd lllCthane 

1. 288 1. :m3 1. 301 

11.01 18.81 

Tahle 1. Properties of thc plIre and cont.aminatcd gases. 

4. Results and Discussion for a Weak Shock HefractioH Seqnellee 

4.1. The polar diagralns 

The sequen<:"e and its polar diagrarnR arc pr('scnt~d in Figure a, t.hey are similar to t.he ones described by 

Abd-EI-l"attah and Henderson. \Vhen O"i is cOlllparat.iv('ly slllall, there is a regular refraction with a reflected 

expansion (RRE), (~'igllre :~a), so Ihtl < IZd, R < 0, T > O. Since the refraction is slow-fast n < 1, we have 

by (1.16) that at > O'i, that is, l is steeper than i. The reflection e, is a centered, Prandtl-Meyer , expansion 

fan and it is plotted in the polar diagram as the isentropic curve c. It int.ersects the polar for the t shock at 
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t.he point (I which defines the von N~~lIlllann solution for RitE. Tlw solution requires t.here to be continuit.y 

in the pressure and in the streamlin(' dircct.ioll 6, cverywlwrc along t.he gas iHt.cI·rar(~. A 1t.lIOllgh (1.1) }"('rnains 

valid when f'tj :f:. 0, (1.5) nmst he rcpIllccd by, 

(4.1) 

which is the continuity condition for the st.n'a.llllinc dir(,ct.ioll. It, is somctinH;S llccess7Iry to r(~plilcc (1.4) and 

(4.1) by the equivalents, 

where Upi, U]..t. are the driving pistol) vclurii.in·; of till' i and t shock[-;, dUl'i is the illfinit.csllllal withdrawing 

piston velocity for an arbitrary jtb Wfive ill II\(' rdler./,cd expansion, alld #i, #l. /3), arc l.he wave angle~ which 

a.re defined with resped to thc disturbed gllS illterface (Figure 2). 

If O'i is now incrca,,~('d continuously, the polan; shriuk somewhat and t.he intcrsectioll point Al moves 

downwards towards the point. i which is til(' lilap of th<' incidcnt shock. As this happens the st.rcngt.h 1 - PI I 

of the f'xpansion decreases and ('vl.'lltnally vanishes at the angle· of int.romission (Y, (lim ~ :t2.0592 D
, which 

corresponds 1.0 (1 == i == At where A I is till' int.eI'sectioll POillL of t.he prilllary poi<.lrs (i,/). The rdlcctioll is 

reduced to a Mach line degeneracy 1]>2 - PI I o aJld the other waw: illlpNlnllces become equal Zt = Zj, 

Il 0, T = 1, this is the condit.ion for ioful tran:;ml.'iSlOlI, and here also (}'l > O'i (("igurc 3b). As O'i contillw~S 

to increase O'! > Qi"" the reflect.ion bf'coll1es (l. shock, (IlB.R) (Figure 3c), and now IZt! > I/:i!, R > 0, T > 0, 

with again at> (\"j. The VOH Neumanll tiH'ory gives t.wo solut,iolls Al and A2 for RRH, but f'xperiment shows 

that it is the w( aker )q solution which appears phy~ically. III this respect note that Al is t.he continuation 

of the (1 solution while A2 is not; in fact at the illtrOlllission ftllgle, (1 and Al are identical a.nd degenerate, 

(1 == Ai == Al == i. 
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As at continues to increase, Al and ..\2 approa.ch ea.ch other and evellt.ually coincidc, A, ..\2 (Figure :3d). 

This ta.kes place at the shock criftCfLI (l1IyJc O:'i == (x,... :J~,;t8~O In gl;llnal thiS flllgi(' dews nol c()illci<ie with 

the normal critical angle (}'~, dcfilled hy (I.l~), and usually OCCIlfl'i berol'e it, n H < nt"., For O'i > O"r" the .AI 

and ..\2 solutions are no longer physically sigllificant hecallsp. the;. ,uP IIBn'al. TII(~ r(~rra(t,ion is !lOW irregular 

and pre-CUff-iOr compression waves may develop (Figures 3e-g). In the experiulI'nj,:; of hoth Jahn a1ld Abd

EI-Fattah and Henderson the pre-cursors (lid not. appear as soon as the shock Cl'it.ical angle \\'(is ('xcct'dcd. 111 

fact O'j had to increase somewhat beyond (iu before t.hey were ohscrved. \Ve will ret,urn to this poillt. lat.er. 

4.2. The nurnel'ieal results for the Se(l11(,IH~e 

The numerical result.s presented here arc all for uncolltaminat.ed gascf; with no melllbrane, \Ve believe 

t.hat these results wiH be of morc gcner<l) illterest. t.ltan those which illclude the cu·t.ifacts of the (·x]wriments. 

Selected contour plot.s for the sequence are shown in Figure 4, a sdilier<'ll photogra.ph frolll th(' experiments is 

shown in FigUf(' 5a and color graphirs to ('CHllpar'C wit.h 1.11(: schlieren phot.ograph me shown in Figures fJb,c,d 

(Plates 1, 2). Of course t.he comparisoll C(tll Ollly 1)(' qllalitative l)('caus(' tlle 1I11llwrical result.s do lIot include 

the artifacts. 

4.3. Structure of the weak irl'egulflr refraetion sysbnns 

4.3.1. The hound prc-(~ursor refractioll SystCIU, BPfl. 

The regular sYl':'t.ems RRE and n RIt arp w(,11 d(':-;nilH'd hy t.hc von N~'umann t.lH'Ol'Y, and ill more detail 

by our numerical result.s. When the shock crit.ica.1 augle is exceeded O'j > t\'.~t ;:::::; 34.1885°. the RUR system 

becomes augmented wit.h an ~xpansl0n waw' which appears in the receiving gas (CH.1), and with its pressure 

contours apparently cent.ered 011 the refract.ioll poild, U (FiglJres :.k·, 4e). TIH~ contours at first diverge as 

t.hey move awa.y frolll /{, IHlt thell s\ving ill'OIllHI and refract. int.o the inrident gas (C0 2 ) wher~ t.hey converge 

into a compression downstreant or the refkct.ed shork r. According to t.he von Neumann theory, there are no 

phY8icaIly accepta.ble so]utions for 0'; > n,<.-, ;\lId til(' iltlpcdaIH'(> of t.lw gases are UJHC<l1. For those reasons 
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the system is irregular. The l' and i shocks now have sllltrply increased curvatllres near If, and furthermore 

t is now everywhere inclined forward of R, fit > 1f /2 (Figures 4eJ). By cont.raEt for t.he regular Sy:-:t.(,lll~, t 

is everywhere indincd ba"kwards, Ot < 1f /'2 (Figures -1a-d). Thus t is a pre-cursor wave for O'i > a sc and ill 

the special case shown in Figtlres 3(' and 1e, t.he l w(\v(~ Illoves along the gaf\ illt.crfac(' at the same velocity 

as i and 1', that is I~qllation (1.14) remaills satisfied, it. is also a bound pre-cursor, \Vith Ahd-EI-Fat.t.ah and 

Henderson we will call this irregular system a "bound precursor refract ion" (BPR). 

4.3.2. The conditions for the RUR == IlPfl. transition 

The shock critical anp;le (V"t: IS d{'fined hy the douhle root A I 

(Figure 3d), and I his amOlHlt.s 1,0 It .o;encralizat.ioll of the well knO\vn :-;hock det.adlJllcllt criterion for ['I'g

ula.r/irregular t.r!ll1sit.ioll in shot'k reflu:lwn. If we suppose that IZtl increas('s wit.hout limit, 1711 -- 'x, then 

reflection call be t.hought or as a limit ing (ase of rdra(·j lOll. Illslwdion of til·· IwLlr dia.!!,rall1 lIwkes it, dear 

t.hat. t.he rival (sonif) nit,erio)) for t.ransitioll (I10rllllllP; ;llld Taylor, 108L) d( 1(';-" lIot ('xi~1 for i,his refract.ion 

beca\Jse t.lw flow downst.reallI of t.he reflected shock is SII person it ,H',! > 1 \ all \.II(> way to t Itt:' A 1 == ,\~ point, 

Thus, this point which correspollds t.o (}j 

weiClk refraction, RRR ;:.. BPIL 

au RCPIHS t.o h~ the only possibility for a t.ransitioll criterioll in 

The compllt ntlollrll da.t.a indira! t:S t.hat Ira Ilsi 1,1011 (lCf'l1 rs at. n t = H,i'" or very ('Ius!' to it, hut. f'xpni IlIcnt 

suggcst,f; that it is s()lIl1'what, d('IaYl'd lH'yond t.his poin!.. II rnveVt.'1' , til(' i.r;1I1sitioll poillt is il Jilt)t' ohs(,llr(~d in 

Uw t:xperilT\('Il(,~ by I.h(' wire fraul(' nil \\'!liclt tlH: l\H'tllhrillll' is 1l101lldcd
i 

illid als(I hy j Ill' Pl'(\..;(~ncc of it thill 

film of silicol\e oil t.hat was lIs('d to spal t.h,' wire to 1.1\(, shock tubl' willdows ill order t.o renure gas lpflkagc. 

In view of this, w(, (ondud(\ frolll til(' ('vidf'lIt{' ava.ilahIE' 1.0 us t.h£\/, transit.ion pit.her OC('llrS at O'i 

else very close to it. 

It. is interest.illg t.o llole 1.hat. till' conditioll 01 7r /2 IllUSt. also be at.t.aillcd d II ring the t.ra,/1sitioJl RRR 

BPR, hecallse <if; this OCCtlJ's we' hil\'C Se(~ll tlln,!, (nt < 7r/2} - ((~t > 7r/'1.). Thcl't'fore tIte condition 

correspondillg to thc lIonnal critical allgle nc defined hy Equat.\oll (1 18) is forced to occur at. the ~am(' 

condition as the shock nitical anglp I\~r, ('veil though (V~r < nf" 



4.3.3. The free pl"n-eursor refraction systeul, FPR 

With steadily incr~asing O'i 1 the t wave eventually breaks loose from the i and r shocks and runs ahead of 

them along the gas interface (Figures 4f and g). The refraction Jaw has now been violated as with expression 

(1.15), and there is HOW a free pre-cursor refraction (FPR) in which the t wave moves ever further ahead of 

i and r with time. 

It will be noticed that. t.he pressure contours for the t wave are now spread out at, and near, the gas 

interface (Figures 4f and g), instead of being concent.rated a,.<; for a shock (Figure 4e). Thus t is a locally 

smeared out or evanescent wave. However, further away from the interface the contours do converge to form 

a coherent shock. The t wave is itself refracted from the CH4 back into the CO2 , which means that its 

refraction is locally fast-slow, n > L The wave transmitted into the CO2 is the side wa.ve 5, and it is also 

an evanescent wave (Figure 30. Since locally, n > 1, then lat I > lao!' I. There appears to be no sign of a 

reflected wave from the t - f) refraction, nor does t.here seem to he one in the experiments, (presumably it 

is too weak to be resolved). Thus the local system appears to consist only of the t - s pair. The s wave 

and the incident shock i eventually encount.er, and mutually modify, each other. The s contours converge to 

the reflected shock r after passing through i. The modified shock Ie, continues to the disturbed gas interface 

where it is locally rdracted with tolal internal reflection R = -1: T 0, Z~ = 0.; this means that k is 

reflected as a centered expansion wave, e. This la.st. wave eventually overtak(~s l' and causes almost complete 

mutual cancellation, so that finally a weak reflection is propagated int.o the downstream C02. 

It is natural to consider the conditions where a bound pre-cursor system becomes a free pre-cursor 

system or vice versa, BPR ;:::::: FPR. This is associated with the spreading out of the t wave into a distributed 

compression ncar the interface and it. then runs alwa.d of the i and r shocks along the interface. Therefore 

the t.ransition occurs with the violation of the refra.ction law, Equation (1.14), in other words (1.15) now 

applies. The law is of course immediately re-est,ablished for the pre-cursors, 

u~ 

sm (l'6 
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4.3.4. The free pre·cursor von NC1unanll refraction systeln, FNR 

Transition to yet anothN irregular refraction takes place as OJ continues t.o increase. It. is eha,ract.erized 

by a weak Mach reflection appearing ill the CO2 . Some pressure contours of it are pre~ented in Figure ·lh 

and a schlieren phot.ograph and color graphics in Figures Sa and b (Plates 3 and 4). Abd-EI-Fattah and 

Henderson (1978) called it it "free pre-cursor von Neumann refraction" (FNR) sec Figure 2f of t.his paper. 

The conditions for the FPR ;::::! FNR transition are not known and our calculations are not sufficiently 

detailed to form a hypothesis with any confidence, although we might conjecture that transition is associated 

with sonic flow downstream of t along the gas interface. 

In summary the sequence of phenomena for the refraction of a wea.k shark at a slow-fast gas interface 

with increasing angle of incidence ll'i is a..., follows. 

RRE ..- RIOt .- BPR FPR .- FNH 

This sequence seems to be generally wd) supported by both the computat.ions and by the experiments. 

4.4. Conlparison of the nUlnerical l'eSlllt.s with experilllellt 

In the interests of making the comparison as precise as possible we used the same values of th·; parameters 

(Ii, It. Iti, 1 J.tt, ~i. at) for our input data as A bd-EI-Fattah and Henderson measured in their experiments. This 

included using the data fot· the contaminated gas shown in Tahle 1, and the same boundary configuration. 

Some of the calculations were repeated for the pure gases in order to ohtain an estimate of the sensitivity of 

the results to gas contamination. The lIumerical dat.a for the pure and t.he cont.aminated gases are compared 

with experiment. in Figures G and 7 Figure 6 shows a variety of wave angles as well a.:; the t.rajectory 

path angle:\: for the four waves i - s I.: - 1,1. For t.he regular part of t.he sequence, RRB <-+ RRR, the 

Humerical results for the contaminat.ed ga."! a.r(~ everywhere in satisfactory agreement \\'ith experiment, but 

t.he corresponding results for the pure ga..c,;es show a sigllifica.nt. discrepancy for the (f't dat.a., but not. for th.' 
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O'r, (te, data. So only the O'! data seems to be sensitive to contamination, and that. sensitivity is great.est 

near transition OJ == o",c, Al == A21 where small variations in the contamination can cause significant changes 

to 0t. Thus, the O't data is sensitive to contamination while the other angle data are not. This is ascribed 

to the fact that incident a.nd reflected waves propagate in the CO2 which is little affected hy contamination 

because of the large fraction of the volume it occupies in the shock tube, while the t wave propagates in the 

CH4 and this is significantly affected (Table 1). 

After transition to irregular refraction the numerical data for the contaminated gas is again in agreement 

with experiment so long a...'":!, approximately, O'j < 60°; but a significant discrepancy is evident for 0i > 60°. 

By contrast the dat.a for the pure gases cvcrywherl' shows a larger discrepancy. For irregular refraction 

the t wave is everywhere curved, and for ()'i > 60° we found that this curvature became quite sharp ncar 

t.he gas interface. This made it illcreasingly uncertain about where to d,'aw the tangent to t ill order to 

measure O't at t.he interfa.ce. The same difficulty occurred for both the schlieren photographs and for t.he 

contour plots. We therefore looked for more robust data to compare with the experiment, and we found this 

in the measurements of the wave vclocitic8 U, and Ut . The numerical data for IUtl/IUil is compared with 

experiment in Figure 7. These data include the calculations for the pure and the contaminated gases, and 

it will he noted that the results bracket the experiment data. 

It should be remarked t.hat the nH~a.'luremcllts of the gas contamination are only average value~ obtained 

after the contaminated gases had heen drawn from the shock t.ube and individually sent to the thermal 

conductivity met.er. Therefore the local contaminaLioll near the gas interface could have been significantly 

different from the average valu(' obtained at t.he meter. In view of the uncertainties involved we conclude 

t.hat the agreement between the numerical (lata alld experiment is satisfactory. 

5. Results and Discussion fol' a Strong Refraction Sequence 

5.1. Wave sh'uctures in the sequence 

A .;econd series of comput.at.ions wac; done for the C02jCH4 int.erfac.e, except t.hat i was now a st.rong 



shock f.i :::: 0.18; this work was restrictt:d t.o the pure ga."ICS. Selected cont.ours are presented in Figure 9, and 

a schliercn photograph toget.her with color graphics are presented in Figure 10 (Plates 3,4). A comparison 

with experiment cannot be precise beca.use the effect of gas contamination has not bcen taken into account. 

in the calculations. 

The polar diagrams are presented in Figure 11. When Ot is small enough to result in regular refraction, 

the von Neumann theory provides three physically accept.able solutions, namely two with reflected shocks All 

A2 and one with a reflt'cted expansion (1 (Figure lla). It was the (1 (RRE) solution which Abd-EI-Fattah 

and Henderson observed. \Vith increasing at one obtains t.he coincidence Al == ...\2 == i == AI, and then the 

reflected shocks in the "'\1, A2. (RRR) solutions degenerate to Mach lines (Figure lIb). Although this takes 

place at the angle of intromission (tie:::: 35.95° I it has no physical significance in this case because [1 is not 

degenerate at this condition. lIenee t.he impedances are not equal, IZtl 1= IZil, for the solution i"l which is 

actually observed. 

For 0i > Oiel the A1, A2. solutions are unreal and at the same time we obtain a second solution f2 of 

the RRE type (Figure lle). However, once more it was the it solution that Abd-EI-FaUah and Henderson 

observed. Clearly, at 0,: = (~ie the coincidence ca.n be extended to (2, thus t A1 == A2 == £2 == i == AI' Notice, 

however, that the (1 solut.ion nowhere forms a coincidence with either of the AI, A:h solutions as it did at 

t.he Al point in the weak sequence. Consequently no refraction of t.he RRR type can appear in this strong 

sequence. 

As ai continues to increase OrH~ eventually obtains (1 == (2 (Figure lld), where the isentropic c is tangent 

to the t polar. This again occurs at the shock critical angle ll'"e = 37.79 0
, but it differs from the weak series 

in that the coincidence is an RRE type (1 == (2, instead of the RRR type, A1 == A2. 

For Oa > Olle, the refraction is irregular and both the experiments and the calculations agree that it is 

again a free pre-cursor syst.em. However, the numerical reslllts show that both the t and the s waves are 

shocks and not evanescent compressions as t.hey were in the v.eak sequence. St.ructurally the system consists 

of the prc-cursor, transmitted-side shock pair t s, interactint:. with a singJe Mach reflection triplet of shocks 
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rl - n (Figure lle). The side shock s, now interacts with the Mach shock n , modifies it and produces t.he 

second reflected shock r2. Consequently, there are two Mach reflections in the incident gas, i - n - rl. and 

."1 -- Tt T2, the rcfractioll will he ('ailed a "twi" Mar.h T('1lrcliotl-1'c!mdlon" ('1'[,,1 R). TIl(' )'2 shock IIlllkl'~o(,s 

total internal reflection at the disturbed gas interface and gives rise to t.he reflected expansion e, which 

in turn overtakes and attenuates 1'1. Contact discont.inuities edt and cd2 appear at. the MIt triple points 

(Figures ge, lOa (Plate 3), and lle); but they are not visible in Figure 10 (Plates 3 and 1). There are now 

three shear layers in the downstream flow, namely edll cd2 , and the disturbed gas interface. 

5.2. Coulparisoll of the llluuericall'esults with experiment 

The numerical results a.re compared with the experimental data in Figur'~s 8 and 12. As expected the 

discrepancy for the O't data is comparatively large because we did not take into a.ccount the gas contamination. 

Qualitatively it is similar t.o the discrepancy for the weak series in Figure 6. The increasing size of the 

discrepancy for the irregular refraction is again attributed to the uncertainty of measuring at with increasing 

curvature of the t shock near the interface. The other angle data, Xl, X2, {i'e, Q"j, and 6t , are generally in 

sat isfactory agreement, granted the numerical and experimental uncertainties. These last measurements were 

made either for the CO2 flow field, or along its bOllndary (6d, and, os we have seen, such measurements are 

. insensitive to gas contamination. The curvature of the reflected shock r prevented us from making reliable 

measurements of 0',. from 0 If numerical plots. 

The numerical data for IUtl/IUil display a Arnall systematic discrepancy from the experimental data 

(Figure 12). This is qualitatively similar to the pure gas results shown in Figure 7, and is ascribed to the 

same cause, namely gas contamination. Nevertheless, the a.greement with experiment is quite reasona.ble. 

6. The Boundary Between the Strong and the Weak Systems 

We (Qnsider how a weak irregular refraction may be changed into a strong one, or vice versa., FPR ~ 

TMR. This will be done by continuously reducing ~t from ~i = 0.78 where the system is weak, to ~i = 0.18, 
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where it is strong. For simplicity the other parameters (Ttl Th J-li, JIt, O'i) will be held constant as ~i varies. 

During this pror.ess 011(' fillds that t.lJ(~ shock t.ripl(~ pOllits /, I, "'".! ("'i~lIr('s ~d,:lp;) fOld.illllollSly appro:lrh t,}u' 

quadruple point G (Figure 2e) and then for some ei they (oincid(~ with it, 1"\ G. The wpak 1\1 ach 

reflection has now vanished and the number of shocks in till' incident gas arc reduced to fOllr, i - s - 1'1 - r2. 

If we imagine tha.t t.he CH4 is replaced by a rigid medium with t.he same boundaries, thcll the four-shock 

interaction would amount to the twin regular renection studied by Smit.h (1959). Since t.he i and .~ shocks 

are generally of unequal st.rength, their interaction is asymmetrical and a cont.a(".t discontinuity arises in 

the downstream flow. A schlieren photograph of t.his refraction, obtained by Abd-EI-Fat.tah and Henderson 

0.53 is presented in Figure 13 (Plate 5), together with Rome color graphics from t.he calc\llation~ 

(Figure 13, Plates 5,6). We will call it a twin regular reflection-refraction (TRR). Actually the cited :ulthors 

found that this system existed for a range of f,l and not just for a particular value on the boundary between 

the strong and the wea.k systems. Eventually, however} as f,i becomes small enough the four shock system 

in the TRR transits into the t.win Mach reflection characteristic of a TMR (Figure 10, plates 3, 4, and 

Figure 11). The condition for the TRR :.:. TMR, transition have be(~11 di~c.u8sed by Smith for reflection, and 

Abd-EI-Fat.tah and Hendersoll for refraction. 

A variety of special conditiolls llIay be used to define precisely the Htrong/weak houndary. Some of 

t.hp.m have been discussed hy the above allthors. Hcn' w{~ notice that for weak systerns t.he regular/irregular 

transition RRR ;: FPR takes place at the von Neumann tangency point. Al == A21 that is at a 8Cl but for 

strong systems the tangency condition ha. ... a diffNcnt character ~1 == (2, so RH.E :.:. TMR, but again r-l.t (Y"r.' 

It seems plausible therefore t.o ddine the strong/wea.k bOllndary at t.he point where hoth conditions are in 

i :::: A 1, For the pure ga..'i interface CO2 /CIJ 4 this is approximately at· 

ei = eb 0.471, or at == ab 34.05° So an incident. shock i has a weak refl'actioll whenever ~i > ~b and a 

strong one when ~i < 6. 

Abd-El-Fattah and Hendcrson used a. different condition for the boundary. Theirs wa,.'5 based upon a 

g(,l1cralizatioH of the VOll Nellmann clac;sifica.tion for shock reflection, but the dcfinition of the boundary is 

somewhat arbitrary. 

In 



There i~ some hint that ill our rC'sl1lts for the strong sequence € 0.18, the four-shock TRIl system 

appears immediately after transition to an irregular refraction. However I it is not resolved unequivocally, 

and in any event a TMR is certainly present when at increases by only a small further amount. 

1. Concluding Remarks 

In our calculations for the weak refraction sequence we used the same input data as Abd-EI-Fattah 

and Henderson had measured in their experiments. This included the effects of ga-; contamination due to 

JCl1kage and diffusion across the memhranf', and also the inertia of the membralle. The object was to test 

tht' validIty of the calculations hy obtaining a<:; precis!' a comparison with experiment as possible. "'"t' found 

that thp membrane inertia Illade very little difference and we ignored it in our later calculations. However, 

OUf data for t.he wave angle at of the transmitted shock was sensitive t.o gas contamination, and to a lesser 

ext.ent. so was t.he wav(~ velocit.y Ut dat.a of this shock. None of t.h(' ot.her data displayed such sensitivit.y, 

and wa'> ascribed to t.he faeL t.ha.1. at and ['t were measured for the C1I1 component which wac; significantly 

affected by cont.amination (Tahle I) whereas the other data, :\ l Or I 0'11, and so on, were measured ror the 

CO2 component which W(t.<:> very little affected by t.he contamination. 

Our calculations were everywhere in rcasonahle agreemenL with experiment when gas contamination 

was taken into account, except for the (It dat.a when ni > 600
. There was there a discrepancy which wa.;; 

ascrihed to the unrcrt.aint.y of making acru rat.e measurements of fit due 1.0 the increasingly large cllt'vat.ure 

of t.he t.ransmitted wave with incr(,H.~ing O"j. This ullcertainty applied to both the experilllcntal dat.a and to 

mca..<:;nrf~mcnts made from the contollr plot.s. 

Th(~ computat ions resolved the st.ructure of the bOUlI d pre-cursor refraction (BrR)) and revealed the 

presencc' of a fourt.h wav(', which wac.; all expa,IlSiOIl and apparently centerf'd on t.he refraction point. After 

transit.ion to a free pre-cursor syst.em! I3PIl -- FPR, tile transmitted/side shock pair were found to be 

smeared out in the region of the gas interface. called evanl~scent waves. 

Similar effects wefe found HI our caku lat.lOlls for stronger rdract.iotl alld wen~ ascribed 1.0 t.he same 



causes. Our calculations displayed all the principle features found in experiment., slIch as local single M (lch 

reflections, twin Mach reflections, free pre-rursor shocks, contact diseontillllitil:s, f<'flcct,cd expa.nsion wavef'. 

and so 011. \Ve conclude that the code does provide a sa.tisfactory representation of tit(' I'cfradioll phl'IIOlllella 

even though it ignores the effects of viscosity and three-dimensionality. 
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Fig'll'(~ Ca ptiOIlS 

Figuro 1. H.('fract.ioll of a lIonnal shork wavI' a.1. hNtd-Oll i Ilcidell('I'. 

Figure 2. Regular and irregtJlar shock \"('fradioll syslcm~ for a slow-fa.-;I. CO:.!/CII'1 gas intel'fac(', n < 1. 

(a) Regular refractioll with reflected shock \ RHR, \Zt' > I/.j \, crt > (~i; ( b) Regula.r refradion Wli h reflected 
wave a Mach line degelleracy, IZ, I ::::: IZd, fl't > Hi nIH!; (:) Rl:gular refraction with a l'eficcte(l expansion 
wave, RRE, IXtl < \Zd, [tt > lli; (d) \Vcak irl'(~glliar r·~fra('t.ioll of thr' pre-cnrsor \'011 NCUll\l1l11l type, 
f<'NR; (e) Intermediate irregular refract.ioll of the twill n't' 111M 1'('f1t~eLioll type, TB H: (f) Strong irregular 
refraction of til(' twin M aell l'pf1ectioll tYI)(' TM It. i, ill('idl'ld, shock; I, trallsJIliU cd shock; 1', refled,('d shork; 
c, reflected expansioll wave, I.:, II1odifi0d illeidcllt. sIIOC).;; 11 l\·1n.c11 slwck; ,'i, sid~ :-.hock; 1)) gas interface; 1, 
region of undisturlwd CO 2 ; rr, region of IJlHlisl,urhNI ell .•. III \'V. Mach lillP; cd, contact. disconti Iluity; 0 
origin where i first ('ncolllltcr(~d ~as illtl'rfacc. 

Figure 3. Polar diagrams for a. weak shock rdrad,ion si'qlwnC(" c'i ::::: O.7R, at. a. pllre CO2/CH4 ga.s interfa.ce. 
A,;foi, Mot, M oy" free str(:am Ma.eh Illllllhcrs, upstrea.m alld rda.t.iv(~ t.o t.he i, I, and l' shocks; ((1, .Al, '\2) 
solutions of tht: VOII Neumanll regular rcfrfldioll theory; lJ, dist.urbed ga.~ int,crfrlcI:; Al I int.~r:::ecti()n point of 
the primary polars (i,t). For other symhols :::ee tll(~ captjoll to Figure 2. (a) Regular refraction with a reflected 
expansion e, (RRE); \Ztl < IZtl; ()'i == 27°; (b) Reguhn rdraction with it degPllcralc reflection, I/;'tl ::::: \Zjl; 
II ::::: 0, T = 1, the condit.ion for t.ot.al energy t.nl.llslnissioJl; (ii = n'im = :tl.05D2° is t.he angle of int.romission: 
(c) Regular refraction with a renected shock ", (RBH); I/:'d > \Zt!; n, ::;: ~l:LLr; (d) COlldit,ioll ofRRR at the 
shock critical angle ftu ::::::::: ;J4.·t88!)O; (e) Irregul;u rdnlct.ioll for O'i > U,<c, call(,<1 a hOlllld pre-nm;,;or re('fRet-ion 
BP R; (f) J rregular refraction after violat.ion of rel'raction law. (:dkd a. frN' pre-cursor refrn.ct.ioll; s alld i are 
evanescent. waves; (g) IrH~glll(\I' refraction called a fl'(~(~ pre-cursor von Nelllllallll refl'Clct.ioll (FNR). 

Figure 4. Contour plot:-; of log P for a weak s\rork [('fractioll seqllcll«' f.i O./R, at rt purl? C(h/C1I 4 
gas interface. The lille rUBllillg diagonally frolll upper Idt to lower right represents I.he init.ial, undisturbed 
gas interface, It is drawll here for referpl\cc only and does not n:pres('nt. a ('ont-our line of the' pressure. 
(a) (Xi = 27°, B RE; (h) Total transmission at. angle of illt.romission, 0i ..::: Him = :~2.0!)!)2°; (C) at: = 33.27°. 
RRR; (d) RRB. ;;:::: UPH, .,\ I == .A:!. at t.1l1: shock nil,ical ollp;le O'H ~ :~t1 ARSf)o; (e) nj = :~SO, n P R; (f) () I = 13° , 
FPR; (g) ()i 49°, FPll; (II) n~ 6.1°, FPIt; 

Figure 5. (Plates l alld 2) StldiNen phot.ogra.ph and cl)lor graphics for il \\'t'ak in"gular ~hock refraction, 
TNR, (1. U.78, f'rj ()00, a1. a CO:?/CII 4 gas illt,prface. Not.e that. the sc1diPl'clI phot.ogr;~ph was taken during 

the experiment so the (~xperillll:llt.al ClrlifarU:; of t.h(' polytllt'r ItlcllllH'allt: and gas (olltamil\(\t.ion arc present.. 
The color !:!,raphics ;UI' fOI' t.h(~ pme IVI;'; all d wit.houl. j hi' IIlCmhrall('. 

Figure 6. Comparison of anglP:.; IlWr},"iIII'4":d frOiIl th(~ IIltlllCricaJ ('olllour plot s with t hOF:e lllC(-lSIl \'l:d from tile 

schlieren photographs frolll t.ltl' experilllents, for t.he (:01/CII'1 gas illt(:rrace, for a weak shock refractioll 

sequence, f.i 0.78 .• , experimental <iRta ror O't for reglliar refracl.iou; 0, experirncntal da.ta. ror at for 
irregular refraction; 6, experilllental data. for t.he l'(-·fI(>cted wave 8ngll' Of" or, Or ill regular- refraction; \)' 
experimental data for the rclll'ded W(\V(' ,)Ilgle ill irregular refract.ioll; V, exper'imental data for the Hide shock 

angle 0,,; 0, ('xperimcnt.al dai.a. for the tl'(lject.ory pat.h tlllgie \; \, 'lIIgk lllt'aslIrt'd frorn t.lw numerical plot.s 
for the contalllinat('d gas illtel'face; +, all~lcs measured fronl fhe IlIlIllCl'ica.1 plot.s for the p"re gas int.erface; 
+ 1 indication of ex pcrilllcntal ('!'I'or. (Exp(·rilllcllt.al datil from 1\ bd- El- Fa.ttah and Hellderson 1978h.) 

Figure 7. Comparison for t.1t!' \vave s))(·('d ratiolJ Ud f!1 Ilw;)slJred from the 1II1111('J'ical contour plot.s wit.h 
t.hose measured from t.he schllcrclI photographs frolll t.he cxpcrillll'llt.S, for the CO:dCrr.1 p;rtS int.erf<lce for a 
weak shock rt'fractioll SC'ql/('IICe, ~i = 0.78, (Experiment.al da/.a frolll J\ hd-r':l-Fal.t.iih and l1(~lIdcrsoll 197~1).) 
O. experimental data; for otlwr symbols sec capt-ion to FigllJ'(~ () 

Figure 8. Comparison of t.he wave speed ra.tion Ut!Ui mcasur(~d f!'Om the IlllHleriol1 contour plots with 
illost' measllt'cd from the seh lieren phot.ogri'\phs from t.he expNinwnt. for t,!1C CO2/CH'1 g(l.~ inl.f:'rfaee for CI 



st.rollg shock :-'/'qlwIlU', £.1 (LIK. For 01.11"1" inf(Jrlllat.ioli St'C t.he rapti(JIl to Figlln~ 7. 

Figure 9. Contour plots of lo~ J> and lo~ {J {iJI' a. st.rong shock r('>fl'adioll SCqllt'IICP, £.i 
CO:,dCH4 gas interface. 

0.18, at a pur .. 

Figure 10. (Plates 3 and 4) Schlieren photograph and color graphics plot. for a strong shock irregular 
refraction, TMR, ~i 0.18, G'j GG O

, At. a CO 2 /CfL1 gas interfacc. See also note t.o t.he caption of Figure 5. 

Figure 11. Polar diagrams for a strong shock refraction sequence, ~i = 0.18 at a pure C02/CH4 gas 
interface. (a) RRE, en solution at a, = 30°; (b) RRE, (1 solution at ai a"c = 35.95°, Note that (1 is not 
a continuation of either the ,,\ 1, or "\2 solut.ions, therefore the shock critical angle for "\1 "\2 is irrelevant for 
transition to irregular refraction in this case; (c) HJt"f;, at il'i = 37°; note there arc now two RRE solutions, 
(1 and (2; tlw (t solutioll is observer! in t'xpcl'imcnts; (d) RRE, at the relevant shock critical angle, (1 == (2, 

0-1 rr.,c 4G.294°. transition condition foJ' RitE;=::; 'I'M R; (e) Twill-Mach-reflection-refradion (TIVIR) at 
0i = ()()o > (1's.-. 

Figure 12. Compiuisoll of :Inglei' IIlt'''-"lIn'd from tltI' IlllIHcrica.l ((ml.ollr plot,A with those Illeastlred fmm the 
schlieren photographs fWIIl the eXperiIJl(,lll.s, for t.lw CO::/ClI.1 ga.<; interface, for a st.rollg shock refradion 
sequence, ~I = 0.18. For the definitioll of Ihe symhols S(~(' t.he capt.ion t.o Fignre (5. 

Figure 13. (Plates 5 alld (j) Schlicr(,11 phot.ograph alld color graphics for an intel"lJ1ediate shock irregular 
rcfractiolJ, TRil, ~i 0.53, {Yi = 50° I at a COdCfL1 gas interface. Sec also t.he caption to Figure 5. 
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